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No Formation of DNA Double-Strand Breaks and
No Activation of Recombination Repair with UVA
Jennifer L. Rizzo1, Jessica Dunn1, Adam Rees1 and Thomas M. Ru¨nger1
Longwave UVA is an independent class I carcinogen. A complete understanding of UVA-induced DNA damage
and how this damage is processed in skin cells is therefore of utmost importance. A particular question that has
remained contentious is whether UVA induces DNA double-strand breaks (DSBs), either directly or through
processing of other types of DNA damage, such as recombination repair of replication forks stalled at DNA
photoproducts. We therefore studied activation of the recombination repair pathway by solar available doses of
UVA and assessed formation of DNA DSBs in primary skin fibroblasts. We found that, unlike ionizing radiation
or UVB, UVA does not activate the Fanconi anemia/BRCA DNA damage response pathway or the ‘‘recombinase’’
RAD51 in primary skin fibroblasts. The fact that this pathway mediates recombination repair of DNA DSBs
suggests that DNA DSBs are not formed by UVA. This is further supported by findings that UVA did not induce
DNA DSBs, as assayed by neutral single-cell electrophoresis or by formation of g-H2AX nuclear foci, considered
the most sensitive assay for DNA DSBs. The lack of sufficient evidence for formation of DNA DSBs underlines
the pivotal role of UVA-induced DNA photoproducts in UVA mutagenesis and carcinogenesis.
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INTRODUCTION
In addition to shortwave UVB (280–315 nm), longwave UVA
(315–400nm) has also been classified recently as a class I
carcinogen by the WHO International Agency for Research
on Cancer Monograph Working Group (El Ghissassi et al.,
2009). However, the underlying mechanisms by which UVA
induces mutations and skin cancer remain incompletely
understood.
It is well established that solar UV light produces a variety
of different types of DNA damage that in turn may result in
mutation formation and ultimately photocarcinogenesis
(Cadet et al., 2005). DNA damage profiles are dependent
on wavelength. UVB generates DNA photoproducts (cis-syn
cyclobutane pyrimidine dimers, pyrimidine (6–4) pyrimidone
photoproducts, and Dewar valence isomers) through direct
absorption by DNA. Although UVA is less energetic than
UVB, it is far more abundant than UVB and constitutes the
majority of solar available UV, and although UVA is much
less absorbed by DNA than UVB, it still generates DNA
photoproducts (Freeman et al., 1987; Matsunaga et al., 1991;
Kielbassa et al., 1997; Young et al., 1998; Douki et al.,
1999; Kuluncsics et al., 1999; Ley and Fourtanier, 2000;
Courdavault et al., 2004; Cadet et al., 2005; Ru¨nger and
Kappes, 2008). For both UVA and UVB, DNA photoproducts
have been shown to be the main premutagenic DNA lesions
in vitro and in vivo (Robert et al., 1996; Kappes et al., 2006;
Ikehata et al., 2008; Ru¨nger and Kappes, 2008).
Both UVA and UVB also generate DNA base modifica-
tions through photosensitized oxidative reactions (Kielbassa
et al., 1997; Courdavault et al., 2004; Cadet et al., 2005).
Although most of these lesions are not considered to be
complete blocks to replication (Graziewicz et al., 2000;
Evans et al., 2004), in contrast to DNA photoproducts,
inhibition of replication after UVA has been reported to be
due to impaired replication fork progression (Girard et al.,
2009). Recombination repair may help to recover from such
slowed replication forks.
Formation of DNA double-strand breaks (DSBs) by UV
light, and in particular by UVA, remains a matter of debate
(2006). In contrast to DNA single-strand breaks, which are
repaired rapidly and efficiently and are probably innocuous
lesions that do not contribute to mutation formation, DNA
DSBs are highly mutagenic and carcinogenic lesions (Iliakis,
1991; Jeggo, 2005; Costanzo et al., 2009). They are
cytotoxic, contributing to genomic instability by promoting
formation of deletions, insertions, or more complex muta-
tions, and are repaired through homologous recombination
or non-homologous end joining. We recently reported
evidence that UVB, in contrast to ionizing radiation (IR),
does not induce DNA DSBs, either directly or indirectly as
repair intermediates (Dunn et al., 2006). Exposure to UVA
generates singlet oxygen and may also generate oxygen
radicals, including the hydroxyl radical through a Fenton
reaction with nuclear-based metals (Darr and Fridovich,
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1994; Petersen et al., 2000), but this has not been
unequivocally shown. UVA-induced DNA DSBs, if occurring
at all, may also be generated by biological processing, either
through degradation of stalled replication forks or as
intermediates in the repair of DNA photoproducts. Similarly,
the vast majority of DNA single-strand breaks observed after
UVA or UVB were shown to represent repair intermediates,
and not directly UV- or reactive oxygen species-induced
breaks (Ru¨nger et al., 2000). Only proper time course
experiments can differentiate between directly induced DSBs
and DSBs resulting from damage processing. In addition,
some assays for the detection of DNA DSBs, including
formation of g-H2AX nuclear foci, may be very sensitive but
are not specific to DNA DSBs.
The Fanconi anemia (FA)/BRCA pathway is a DNA
damage response pathway that mediates homologous
recombination repair and may also mediate translesional
DNA synthesis at sites of DNA damage (D’Andrea and
Grompe, 2003; Kennedy and D’Andrea, 2005; Nakanishi
et al., 2005; Thompson et al., 2005; Wang, 2007). DNA
crosslinks and IR-induced DNA DSBs also strongly activate
this pathway. It involves multiple proteins, including 13
proteins that were identified by characterization of FA
complementation groups, as well as products of breast
cancer genes BRCA1 and BRCA2. This pathway functions
downstream of ATM and ATR and has a pivotal role in
maintaining genomic stability. Central to this pathway is
the monoubiquitination of the FANCD2 protein at lysine
561 and its subsequent relocation to nuclear foci. Those
foci are thought to be sites of DNA damage with repair or of
stalled replication forks. Both the monoubiquitination of
FANCD2 and the formation of FANCD2 nuclear foci are
commonly used to assess the activation of the FA/BRCA
pathway. The recruitment of FANCD2 to replication forks
stalled at DNA damage depends on phosphorylation of
the histone H2A variant, H2AX, to form g-H2AX (Bogliolo
et al., 2007; Lyakhovich and Surralles, 2007). Further steps in
this pathway involve the activation and recruitment of
recombination repair proteins, such as BRCA1 and 2, and
RAD51 among several others (Wang et al., 2007; Schild and
Wiese, 2010).
To elucidate the possible formation and processing of
DNA DSBs by UVA, we studied activation of the FA/BRCA
pathway and of RAD51 in primary skin fibroblasts following
exposure to various doses of UVA and at various time points
following irradiation. We recently reported activation of this
pathway by UVB (Dunn et al., 2006). However, we provided
evidence that this FA/BRCA pathway activation by UVB was
not due to formation of DNA DSBs, but can be attributed to
the presence and processing of stalled replication forks (Dunn
et al., 2006). Activation of the FA/BRCA pathway by UVA
would therefore not be definitive evidence for the formation
of DNA DSBs either. However, a lack of FA/BRCA pathway
activation by UVA would strongly suggest that UVA does not
generate a significant number of DNA DSBs. To further
examine the formation of DNA DSBs by UVA, we also used
neutral single-cell electrophoresis (neutral comet assay) and
determined the rate of nuclear g-H2AX focus formation.
Although the formation of such foci again does not prove
formation of DNA DSBs by UVA, a lack of g-H2AX foci
formation following UVA exposure would provide strong
confirmatory evidence that UVA irradiation does not
generate DNA DSBs.
Given that the translesional DNA polymerase Z enables
continued DNA replication across DNA photoproducts and
thereby prevents stalling of replication forks at DNA
photoproducts (Masutani et al., 2008), we hypothesized that
DNA polymerase Z-deficient cells may have more stalled
replication forks following UV exposure and for that reason
may resort more to recombination repair. This concept is
supported by reports from Limoli et al. (2002), who showed
that cells from patients with the xeroderma pigmentosum
variant (XPV), which harbor a deficient DNA polymerase Z,
have a higher rate of replication fork degradation and exhibit
a higher rate of RAD51 nuclear foci after irradiation with
UVC (Limoli et al., 2005). We therefore investigated whether
XPV cells have an altered activation of the FA/BRCA pathway
in response to UVA or UVB.
RESULTS
As demonstrated previously (Dunn et al., 2006), physiologi-
cal doses of SSL (containing 100, 200, or 300 Jm2 UVB)
induces time- and dose-dependent monoubiquitination of the
FANCD2 protein (Figure 1a and b; lower panel each) and
formation of FANCD2 nuclear foci (Figure 1c and d). Both
indicate activation of the FA/BRCA pathway. In contrast, solar
available doses of UVA (100, 200, or 300 kJm2) did not
induce FANCD2 nuclear foci above the background (Figure
1c and d) and only a minimal ubiquitination of FANCD2
(Figure 1a and b; upper panels), indicating that solar available
doses of UVA do not, or only minimally, activate the FA/
BRCA pathway.
Fibroblasts from patients with FANCA or FANCC were
found not to be hypersensitive to UVB or to UVA
(Supplementary Figure S1 online). As these cells are unable
to ubiquitinate FANCD2 and to activate the FA/BRCA
pathway in response to any stimulus, this indicates that a
lack of FA/BRCA pathway activation does not increase acute
toxicity of either UVB or UVA.
As demonstrated previously (Dunn et al., 2006), a
physiological dose of both SSL (containing 200 Jm2 UVB)
and IR (10Gy) induces nuclear foci of g-H2AX, although in a
very different time-course and pattern. UVB-induced foci, in
contrast to IR-induced ones, are only seen in a subset of cells
and only with a delay of 45minutes. No nuclear foci were
observed at various time points after irradiation with UVA
(Figure 2).
Dose–response experiments revealed that the threshold for
the detection of IR-induced g-H2AX foci is between 0.5 and
0.2Gy (Figure 3). Each 1Gy of IR is thought to introduce
between 30 and 60 DNA DSBs in a typical mammalian cell
(Ruiz de Almodovar et al., 1994; Cedervall et al., 1995;
Rogakou et al., 1998). This indicates that a DNA damage
level of at least 15–30 DNA DSBs per nucleus can be clearly
detected using g-H2AX staining. No formation of g-H2AX
foci was observed with UVA, even with the unphysiologically
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Figure 1. Unlike UVB, UVA does not activate the Fanconi anemia (FA)/BRCA pathway. A shift from the non-ubiquitinated S-isoform of FANCD2 to the
monoubiquitinated L-isoform can be observed as early as 2 hours after exposure of normal fibroblasts to various doses of solar-simulated light (SSL;
containing 100, 200, or 300 Jm2 UVB), but not after exposure to UVA (100, 200, or 300 kJm2); western blot (a; representative example of four repeat
experiments); densitometry of FANCD2 ubiquitination (FANCD2-L) in (b). Immunostaining for FANCD2 6 hours after exposure of normal fibroblasts to SSL
(containing 200 Jm2 UVB) or ionizing radiation (IR; 10Gy) reveals formation of FANCD2 nuclear foci. This is not observed after exposure to UVA (200 kJm2)
bar¼ 10 mm (c). The percentage of normal fibroblasts with FANCD2 nuclear foci (10 or more foci per nucleus) is increased 2 and 6 hours after irradiation with
SSL (containing 200, 300, or 400 Jm2 UVB) or IR (10Gy), compared with sham-irradiated cells; but not after exposure to UVA (300, 400, or 500 kJm2) (d);
3 100 cells were counted in three different fields and averaged; shown are means±SD.
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high dose of 400 kJm2. These data strongly indicate that
UVA does not generate a detectable number (15–30 or more
per nucleus) of DNA DSBs. However, very low levels of DNA
DSB formation by UVA cannot be excluded.
The neutral single-cell electrophoresis (neutral comet
assay) is another way to assess formation of DNA DSBs.
Prominent comets were observed immediately and 60min-
utes after irradiation with 10Gy of IR, consistent with direct
formation of DNA DSBs by IR. In contrast, no or only weak
comets were observed after sham-, SSL/UVB-, or UVA
irradiation (Figure 4).
Following activation of FANCD2, BRCA1 and the ‘‘recom-
binase’’ RAD51 are recruited to IR-induced damage foci to
mediate DNA recombination (Wang et al., 2007; Schild and
Wiese, 2010). As previously shown by us (Dunn et al., 2006),
UVB also induces formation of nuclear foci of BRCA1 and
RAD51. Unlike UVB and IR, exposure to UVA (200 kJm2)
failed to induce nuclear foci of BRCA1 (Supplementary
Figure S2 online) or of RAD51 (Figure 5). This is consistent
with the lack of UVA-induced activation of the FA/BRCA
pathway and lack of recombination repair following exposure
to UVA.
Cells unable to perform translesional DNA synthesis
across UV-induced DNA photoproducts may need to rely
more on DNA recombination to resolve stalled replication
forks and may therefore demonstrate an increased activation
of the FA/BRCA pathway. However, cells from patients with
the XPV, which are characterized by a deficient DNA
polymerase Z, the translesional DNA polymerase that is
specialized to read across DNA photoproducts, did not
exhibit an altered activation of the FA/BRCA pathway. UVB-
induced FANCD2 activation was similar to that seen in
normal fibroblasts and UVA hardly activated FANCD2 in
either cell (compare Figure 6 with Figure 1).
DISCUSSION
Here, we show that UVA, in contrast to UVB, does not
activate the FA/BRCA pathway. The fact that this pathway
mediates recombination repair (Joenje and Patel, 2001;
Bogliolo et al., 2002; Taniguchi et al., 2002; D’Andrea and
Grompe, 2003; Gregory et al., 2003; Kennedy and D’Andrea,
2005; Nakanishi et al., 2005; Thompson et al., 2005; Wang,
2007) suggests that recombination repair is not involved in
the processing of UVA-induced DNA damage. This is further
supported by our finding that UVA did not induce formation
of nuclear foci of RAD51 or BRCA1. In addition, our data also
suggest that DNA lesions commonly thought to require DNA
recombination, such as DNA DSBs or DNA crosslinks, are
not being formed in a significant number by UVA.
We have previously shown that solar available doses of
UVB activate the FA/BRCA pathway in primary human skin
fibroblasts (Dunn et al., 2006). As UVB is not thought to
directly induce DNA DSBs, this observation of FA/BRCA
pathway activation by UVB raised the question about a role
of recombination repair in the response to UVB-induced
DNA damage. We hypothesized that DNA recombination
process replication forks stalled at DNA photoproducts. This
was based on our observations that the FA/BRCA pathway
activation by UVB was limited to the S-phase of the cell cycle
and that UVB-induced nuclear foci of FANCD2 colocalized
with other recombination repair proteins such as RAD51
and BRCA1 (Dunn et al., 2006). This is in line with the
recognition that recombination repair not only processes
DNA DSBs, but is also used in the resolution of replication
forks stalled at a variety of different types of DNA lesions,
such as DNA crosslinks or DNA adducts (Lomonosov et al.,
2003; Howlett et al., 2005; Kennedy and D’Andrea, 2005;
Limoli et al., 2005; Wang, 2007). Our studies presented here
confirmed these observations with UVB, but illustrate a
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Figure 2. No formation of DNA double-strand breaks after irradiation with UVA. Unlike UVB (200 Jm2) or ionizing radiation (IR) (10Gy), UVA (100 or
200 kJm2) does not induce formation of g-H2AX nuclear foci. All photographs were taken at identical exposure settings. DAPI (4,6-diamidino-2-phenylindole)
staining of nuclear DNA demonstrates that all IR-irradiated cells, but only a subset of UVB-irradiated cells, form g-H2AX foci. Bar¼ 20mm.
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Figure 3. No formation of DNA double-strand breaks (DSBs) after irradiation with UVA (200, 300, or 400 kJm-2), whereas formation of DNA DSBs is
detectable with ionizing radiation down to a dose of 0.5Gy. Immunostaining (red) of fibroblasts for g-H2AX 60minutes after irradiation. All photographs were
taken at identical exposure settings. Bar¼ 20 mm.
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Figure 4. Detection of extensive DNA double-strand breakage (DSB) with ionizing radiation (IR), but not with UVA or UVB. Neutral single-cell gel
electrophoresis (neutral comet assay) demonstrates that 10Gy of IR induces more DSBs (stronger comets) than SSL containing 200 Jm2 UVB, UVA (100 or
200 kJm2), or sham irradiation. Shown are representative examples of cells processed either immediately after irradiation (upper row) or of cells that were
incubated for 60minutes after irradiation (lower row). Bar¼20 mm.
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contrasting response with UVA (no activation of the FA/BRCA
pathway). The range of UVA and UVB doses chosen for our
experiments were selected as they are roughly equitoxic and
equimutagenic (Kappes et al., 2006) and as they are
considered physiological because of their solar availability
(Jeanmougin and Civatte, 1987).
UVA is recognized to induce some DNA photoproducts
(Freeman et al., 1987; Matsunaga et al., 1991; Kielbassa
et al., 1997; Young et al., 1998; Douki et al., 1999;
Kuluncsics et al., 1999; Ley and Fourtanier, 2000; Courdavault
et al., 2004; Cadet et al., 2005; Ru¨nger and Kappes, 2008).
This raises the question why replication forks stalled at UVA-
induced DNA photoproducts do not activate the FA/BRCA
pathway, whereas UVB-induced ones do. This is most likely
because of the much lower frequency of photoproduct
formation with UVA. Given that wavelengths in the mid-
UVA range induce up to 100,000-fold less DNA photoproducts
than does UVB (Enninga et al., 1986; Matsunaga et al., 1991;
Kielbassa et al., 1997), even the 1,000-fold higher doses of
UVA we used in our experiments are expected to yield roughly
10- to 100-fold less DNA photoproducts than UVB. Using an
ELISA to detect DNA photoproducts after irradiation of
fibroblasts (as described by Kobayashi et al., 2001), we found
a clear formation of cyclobutane pyrimidine dimers with UVB,
but only a minimal, not significant increase in cyclobutane
pyrimidine dimers over baseline when using doses similar to
those used here (data not shown). This indicates that in our
experimental conditions UVA irradiations indeed generated
less DNA photoproducts than UVB irradiations, even when
used in 1,000-fold higher doses.
Oxidatively generated DNA base modifications are readily
formed by UVA through photosensitized reactions (Kielbassa
et al., 1997). However, most of those, including the most
common oxidatively generated DNA lesion, 8-oxodGuo, are
not thought to block replication (Graziewicz et al., 2000;
Evans et al., 2004) and therefore do not result in stalled
replication forks. This is consistent with our finding that UVA
does not activate the FA/BRCA pathway, as base excision
repair is the primary DNA repair pathway for these types of
lesions and recombination repair would not be required
without stalled replication forks.
IR is well established to strongly activate the FA/BRCA
pathway (Kennedy and D’Andrea, 2005; Taniguchi and
D’Andrea, 2006). There, it is thought that recombination
repair processes directly IR-induced DNA DSBs. This is
supported by colocalization of FANCD2 nuclear foci with
g-H2AX foci (Bogliolo et al., 2007), which are highly
sensitive markers for DNA DSBs (Rogakou et al., 1998,
300 kJ m–2
500 kJ m–2
200 kJ m–2 0.1 Gy
1 Gy
10 Gy
Sham
25
20
15
10
5
0
%
 o
f c
el
ls 
wi
th
 n
uc
le
ar
 fo
ci
o
f R
AD
51
 (
10
 p
er
 n
uc
le
us
)
a
b
Sham UVA IR
300 400 500 10 1 0.1
UVA (KJ m–2) IR (Gy)
Figure 5. Dose-dependent induction of recombination (RAD51 nuclear foci) after exposure to ionizing radiation (10, 1, or 0.1Gy), but not after exposure to
UVA (200, 300, or 500 kJm2). Photographs were taken at identical exposure settings. Cells were fixed 6 hours after irradiation. Bar¼10 mm.
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1999; Rothkamp and Lo¨brich, 2002; Thiriet and Hayes, 2005;
Kuo and Yang, 2008). This was further supported by our
previous data showing that formation of IR-induced g-H2AX
foci was very different from UVB-induced g-H2AX foci (Dunn
et al., 2006). While IR-induced g-H2AX foci formed within
10minutes after irradiation and in 100% of exposed cells,
UVB-induced g-H2AX foci formed only after a delay of
45minutes and only in a subset of cells. This indicates that
IR-induced g-H2AX foci form at directly induced DNA
lesions, such as DSBs, whereas UVB-induced ones do not.
As discussed above for UVB-induced FANCD2 foci, UVB-
induced g-H2AX foci are likely to be formed at replication
forks stalled at DNA photoproducts or DNA interstrand
crosslinks, which may or may not be degraded to DNA DSBs.
It is unlikely that UVB-induced g-H2AX foci form at
intermediates of recombination repair, as they occur before
the formation of FANCD2 foci (Dunn et al., 2006). This
underlines that g-H2AX may be the most sensitive marker for
DNA DSBs, but not a specific one.
As we did not observe formation of g-H2AX foci with
UVA, our data indicate that UVA does not generate a
significant amount of DNA DSBs (15–30 or more per
nucleus). As discussed above, this was already suggested by
the lack of FA/BRCA pathway activation by UVA and the lack
of BRCA1 and RAD51 activation. It is further supported by
our results with the neutral comet assay, in which UVA
generated much weaker comets than IR, if any, similar to
sham-irradiated cells.
Our data are supported by a report from Toyooka and
Ibuki (2005), who did not observe formation of g-H2AX in
Chinese hamster cells following irradiation with low doses of
UVA (24 kJm2). However, Wischermann et al. (2008)
reported a moderate formation of a few g-H2AX foci with
mostly very high doses of UVA (600 kJm2) in normal human
keratinocytes. These were not observed immediately after
irradiation and with a majority of cells showing only 1–5 foci,
whereas the mean number of foci in unirradiated cells was
2 per nucleus. The number of g-H2AX foci that they observed
is clearly much lower than the number observed by us
following UVB or IR irradiation. It is possible that the
discrepancy between our and their data is due to the
difference in cell type used (their keratinocytes vs. our
fibroblasts) or to differences in the emission spectrum of UVA
lamps. The most likely explanation, however, is that we
kJ m–2 UVA
J m–2 UVB
2 Hours 6 Hours 12 Hours 24 Hours
0 100 200 300 0 0 0100 100 100200 200 200300 300 300
2 Hours 6 Hours 12 Hours 24 Hours
0 100 200 300 0 0 0100 100 100200 200 200300 300 300
FA
N
CD
2-
L
(ar
bit
rar
y d
en
sit
om
etr
y u
nit
s)
FA
N
CD
2-
L
(ar
bit
rar
y d
en
sit
om
etr
y u
nit
s)
5
4
3
2
1
0
UVA
UVB
6
5
4
3
2
1
0
6
kJ m–2 UVA
J m–2 UVB
FANCD2-L
FANCD2-S
FANCD2-L
FANCD2-S
2 Hours 6 Hours 12 Hours 24 Hours
0 100 200 300 0 0 0100 100 100200 200 200300 300 300
0 100 200 300 0 0 0100 100 100200 200 200300 300 300
a
b
Figure 6. Activation of the Fanconi anemia/BRCA pathway by UVB and lack of activation by UVA are not altered in cells of patients with xeroderma
pigmentosum variant (XPV). In XPV cells, the dose- and time-dependent monoubiquitination of FANCD2 after irradiation with solar-simulated light (containing
100, 200, or 300 Jm2 UVB) is similar to that seen with normal cells (Figure 1). Similarly, XPV cells also do not demonstrate monoubiquitination following UVA
(100, 200, or 300 kJm2); western blot (a, representative example of three repeat experiments); densitometry of FANCD2 ubiquitination (FANCD2-L) (b).
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counted cells as positive for g-H2AX foci only when nuclei
contained at least 10 foci. This decision was made to avoid
ambiguity of counting single nuclear foci and evaluating
weak signals that are barely, if at all, above the spontaneous
rate of nuclear focus formation in unirradiated cells.
Topoisomerase inhibitor-induced DNA DSBs have been
reported not to be detected by g-H2AX foci (Smart et al.,
2008; Muslimovic´ et al., 2009). This raises the possibility that
UVA-induced DSBs may have remained undetected. How-
ever, the additional findings of no DSB detection in the
neutral comet assay and the lack of recombination repair
make this an unlikely scenario.
Translesional DNA synthesis enables cells to complete
S-phase, despite unrepaired blocks to replication, such as
DNA photoproducts. Cells from patients with the XPV, which
lack functional DNA polymerase Z, the translesional DNA
polymerase specialized to read across DNA photoproducts,
have been suggested to rely more on recombination repair to
process replication forks stalled at DNA photoproducts
(Limoli et al., 2005). However, these cells did not exhibit
an increased or prolonged activation of the FA/BRCA
pathway in response to UVB or UVA. This may be due to
activation of recombination repair by FA/BRCA pathway-
independent mechanisms. Alternatively, cells may recruit
other translesional DNA polymerases to these sites, resulting
in an increased mutation frequency (Wang et al., 2007), but
not an increased dependence on recombination repair.
Our data increase the understanding of DNA damage
responses following irradiation with UVA. Given the lack of
substantial amounts of DNA DSBs, the lack of FA/BRCA
pathway activation and recombination repair should be
inconsequential with regard to DNA DSB repair. However,
as shown with UVB, recombination repair seems to have a
role in the processing of DNA photoproducts, providing a
solution for stalled replication forks, when cells replicate
damaged DNA before repair by nucleotide excision repair
and failure of translesional DNA synthesis. Although UVA
induces only a smaller amount of DNA photoproducts than
UVB, lack or recombination repair at those sites may result in
the formation of chromosome aberrations that have been
shown to be generated by UVA (Wischermann et al., 2008).
The activation of the FA/BRCA pathway mediates not only
recombination repair, but also translesional DNA synthesis
(Wang, 2007). One may speculate that the lack of FA/BRCA
pathway activation with UVA may result in altered transle-
sional DNA synthesis. This is in line with our recently
proposed hypothesis that photoproducts generated by pure
UVA may be more mutagenic than photoproducts generated
by UVB or mixed UVA and UVB because of a lack of
protective DNA damage responses (Ru¨nger, 2007; Ru¨nger
and Kappes, 2008).
MATERIALS AND METHODS
Cells and cell culture
Primary normal neonatal human skin fibroblasts were cultured from
dermal explants of neonatal foreskins as described previously
(Stanulis-Praeger and Gilchrest, 1989). Non-transformed, primary
human skin fibroblasts from patients with FA complementation
groups A (GM01309B) and C (GM00449), and from a patient
with the XPV (GM14883), were purchased from the Coriell Institute
for Medical Research (Camden, NJ). All cells were cultured in
MEM-a medium (Gibco/BRL, Rockland, MA), supplemented with
10% calf serum at 37 1C and 5% CO2, and used in exponential
growth phase.
Irradiations
UVA and UVB irradiations were carried out as described in detail
previously (Kappes et al., 2006). For UVA irradiations, a 2 kW metal
halogenide UVA lamp (SELLAS Sunlight, Gevelsberg, Germany) was
used that emits 99.95% UVA1 (340–400nm), 0.05% UVA2
(315–340nm), and no UVB. The emission spectrum of this lamp
ranges from 335 to 440nm and has an emission maximum at 375nm.
A solar simulator (LH 153, Kratos Analytical, Ramsey, NJ) was
used for UVB irradiations. The tissue culture lid removes contam-
inating UVC and only slightly reduces irradiance of the shorter
wavelengths of the UVB range. The resulting emission spectrum was
published by Werninghaus et al. (1991). The UVA emitted by this
source at the maximum UVB doses used was o2.5 kJm2,
consistent with previous reports that solar simulators often emit
insufficient longwave UVA to adequately simulate natural sunlight
(Sayre et al., 1990; Stary and Sarasin, 2000).
Radiometric measurements were taken for each experiment. For
dosimetry, an IL-1700 Research Radiometer (International Light,
Peabody, MA) was used, equipped with a UVB sensor (SED 240) or a
UVA sensor (SEF 015). A 137Cs g-irradiator was used to expose cells
to 10Gy of g-radiation.
Immunoblotting
Whole-cell extracts were prepared and western blotting was
performed using standard procedures. Antibodies were directed
against FANCD2 (1:1,000; Santa Cruz Biotechnology, Santa Cruz,
CA). Densitometry of autoradiographs was performed with Quantity
One software (Bio-Rad, Hercules, CA).
Immunostaining
At the indicated time points after irradiation, immunostaining of
cells grown on coverslips was carried out as described previously
(Dunn et al., 2006). Primary antibodies were directed against
FANCD2 (1:200; Novus Biochemicals, Littleton, CO), RAD51
(1:200; AbCam, Cambridge, MA), or g-H2AX (Ser139; 1:500;
Upstate, Lake Placid, NY).
Double staining was achieved by incubation with antibodies
directed against BRCA1 (D-9; 1:100; Santa Cruz Biotechnology) and
FANCD2.
Neutral comet assay
Neutral single-cell gel electrophoresis to detect DNA DSBs was
performed following the protocol described by Wojewodzka et al.
(2002) and us (Dunn et al., 2006).
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